Micro-tubers are important propagules in potato breeding and potato production, and they are also dormant and easily transported and therefore good targets for mutation induction in potato mutation breeding. A prerequisite for mutation breeding is to determine optimal mutation treatments. Therefore, radio-sensitivity tests of a tetraploid and a diploid potato to gamma irradiation were undertaken. Effects of different gamma sources on radio-activity were also studied. In vitro potato cuttings were gamma irradiated using a wide dose range (0, 3, 6, 9, 12, 15 and 20 Gy). The irradiated cuttings were then cultured to induce micro-tubers directly in vitro. Microtuber morphotypes were assessed after irradiation of cuttings using three gamma sources with emission activities of 1.8, 7.07 and 139 Gy/min. The diploid species (Solanum verrucosum) was more radio-sensitive than the tetraploid cultivar Desirée (Solanum tuberosum). Gamma dose rates had significant influences on subsequent micro-tuber production at various mutant generations. Effects included reductions in the number, size and weight of micro-tubers produced. Gamma dose was more lethal for the diploid potato genotype and micro-tubers produced were small compared to those produced by the tetraploid genotype after irradiation. Different treatments are recommended for diploid and tetraploid potato irradiation in producing large mutant micro-tuber populations. The mutant micro-tuber populations may How to cite this paper: Bado, S., Laimer, M., Gueye, N., Deme, N.F., Sapey, E., Ghanim, A.M.A., Blok, V.C. and Forster, B.P. 
Introduction
Potato (Solanum spp.) is the most important non-cereal crop worldwide and ranks the fourth after maize, rice and wheat [1] . Potato production faces major challenges including low multiplication rates in the field under conventional (biological) seed production and yield losses due to susceptibilities to diseases and pests such as late blight disease, potato cyst nematode and Colorado beetle [2] - [6] . In production fields, many traditional cultivars suffer from poor yield with reduced tuber size and carry undesirable traits, such as sunken eyes, susceptible to blight disease and cyst nematodes, which result in reduced yield and quality. Improvements of potato by breeding are hampered by local preferences for old traditional cultivars in many parts of the world.
Potato is predominantly vegetatively propagated by tubers and mini-tubers with true seed propagation being deployed mainly for breeding purposes [7] . Additionally, axillary buds, cuttings, synthetic seeds and micro-tubers can be used as propagules. The Solanum genus is composed of over 160 species (wild and cultivated) which provide a large gene pool for crop improvement [8] . Despite the large germplasm resources, success in breeding new cultivars has been slow and genetic variability among elite lines is narrow. China has the biggest potato production in the world; however, Chinese potato cultivars show a low genetic diversity due to shared pedigrees [5] [9] . The loss of genetic diversity in cultivars may eventually lead to an increased vulnerability to new abiotic and biotic stressors, especially those directly and indirectly arising from changing climatic conditions. The narrowing of the genetic base of commercial cultivars is a primary cause of stagnation in yield improvement [10] .
Micro-tubers as potato propagules can be produced in large numbers all year-round; there is no need for immediate planting, since micro-tubers are dormant and can be easily stored and transported [11] [12] . Disease free micro-tubers produced in tissue culture laboratories have been shown to enhance yield [13] . They not only represent convenient planting materials, but can be utilized in potato improvement schemes, including mutation breeding methods.
In vitro culture of vegetatively propagated crops in combination with irradiation for induced mutation has proven to be a valuable method to broaden the genetic variability of crop plants and promotes the production of new cultivars. Although potato mutation breeding started in 1931 with the pioneering work of Asseyeva [14] , very few mutant potato cultivars exist: to date only 6 potato mutants (from irradiation and somaclonal variation) have been registered in the FAO/IAEA Mutants Variety Database as opposed to 815 for rice (http://mvd.iaea.org). This low number reflects the protracted breeding methods used which generally do not employ modern biotechnologies to accelerate the breeding process. However, they are some considerable successes in traits such as modified starch biosynthesis [15] [16] , increased yield [7] [17], modified histological and texture properties [18] , longer shelf-life [19] and increased tolerance to abiotic and biotic stresses [20] - [22] .
In vitro biotechnologies offer new potential in accelerating mutation breeding in potato. Micro-cuttings may be used as targets for mutation induction, and subsequent micro-propagation may be used to dissolve chimeras, and large mutant micro-tuber populations may be produced at various vegetative generations that may then be used in large scale screening for the desired traits. We describe the effects of gamma irradiation treatments on in vitro micro-cuttings and the subsequent development of mutant micro-tuber populations which may then be tested for new traits such as cyst nematode resistance; mutant populations in the form of micro-tubers provide convenient starting materials for researchers and growers. Gamma irradiation was selected as it is the most widely used mutagenic treatment in crop improvement [23] . Since both diploid and tetraploid potato species are grown as crops, studies were conducted on a diploid wild species of Solanum verrucosum and a tetraploid cultivar of Solanum tuberosum.
Materials and Methods

Plant Material and Tissue Culture Conditions
Two potato genotypes were compared: Solanum verrucosum genotype 1/3/3/15 (Ver54, diploid, 2n = 2x = 24) and Solanum tuberosum (cv. Desirée, tetraploid, 2n = 4x = 48), both were supplied to the FAO/IAEA Plant Breeding and Genetics Laboratory, Seibersdorf, Austria as in vitro cuttings from The James Hutton Institute, Invergowrie, UK. The cuttings were micro-propagated as single node sub-cultures on MS basal medium [24] supplemented with 2% sucrose and 0.18% gelrite as a gelling agent. Developing shoots were sub-cultured every 2 -3 weeks and maintained in controlled environment conditions with 16 hours fluorescent light (65 μmol/m2/s; using Cool White fluorescent tubes, Philips TLP 36/86, Philips, Amsterdam, the Netherlands) at 22˚C ± 2˚C. Rounds of sub-culturing continued until sufficient plant material was available for mutation induction (about 1,000 plantlets with 3-5 nodes each).
In order to investigate ploidy and genotype responses to micro-tuber production following gamma irradiation, single node cuttings with a subtending leaf were transplanted to a micro-tuber induction medium containing MS basal nutrients supplemented with 4mg/l Kinetin, 8% sucrose and 0.18% gelrite (optimal tuberization medium). The pH was adjusted to 5.8. Cultures were incubated in the dark at 22˚C ± 2˚C and micro-tubers were harvested or subjected to radiation sensitivity evaluations after 6 weeks of incubation.
Irradiation Methods
Gamma irradiation treatments were carried out on nodal cuttings with a single leaf. A radio-active cobalt-60 (gamma source) with a low and high emission rates were used to determine the optimal dosage for mutation induction and subsequent tuberization. The LD 30 and LD 50 (30% and 50% lethality dose) levels were determined after exposing cuttings to a range of irradiation doses and then determining micro-tuber production using methods described by Mba et al. [25] . Additionally, the GR 30 and GR 50 (30% and 50% growth reduction dose) were estimated based on the micro-tuber size and weight. Different gamma dose rates from three different Gamma-cells of varying radio-activity (1.8, 7.07 and 139 Gy/min) were used to assess the effects of gamma irradiation on the micro-tubers (M 1 V 2 ) produced from the two genotypes (Table 1) .
To determine the optimal dose for mutation, single node stem cuttings with one leaf (M 0 ) were irradiated and then cultured to induce micro-tubers directly in vitro (M 1 V 1 ) cuttings. Two replications of about 20 culture tubes, each containing one axial meristem was used per dose, ranging from 0, 3, 6, 9, 12, 15 and 20 Gy using which 1.8
Gy/min gamma cell. The tuberization rate (after 6 weeks incubation in the dark) was scored and used to determine the optimal dose for mutation induction. The established optimal dose for each genotype was then deployed for bulk irradiation. Data on the tuberization rate, micro-tuber position, fresh weight and size were recorded at harvest, at least six weeks after culturing the nodal cuttings. Analysis of variance and least significant differences of means (5% level) were calculated using GenStat Release 9.2 for in vitro cuttings and position, size and weight of micro-tubers produced by JMP statistics packages 12.
Results
Effects of Gamma Irradiation on Micro-Tuber Induction
Gamma irradiation retarded tuberization of both genotypes. While in the control, in- Table 1 . Exposure time needed for three gamma cell with different dose rate to administer the optimal dose of 10 and 12 Gy respectively for diploid and tetraploid genotype for large micro-tubers population development. diation doses and two potato genotypes revealed significant difference between genotypes in tuberization ability and micro-tuber size whereas no significant difference was found in micro-tuber weight (Table 2 ). This severely affected the tuberization of the diploid genotype (Table 3) . Interestingly, doses below or equal to 6 Gy showed a stimulatory effect on tuberization in both genotypes. High doses above 12 Gy resulted in a delay in tuberization and inhibitory effects on the induction rate of the micro-tubers ( Figure 3 and Figure 4 ). Micro-tuber position, size and weight were recorded in each treatment in order to determine the optimal dose for mutation induction. The effects of gamma irradiation doses on micro-tuber size and weight were discriminative above 12 Figure 3 . Radio-sensitivity graphs showing the effects of gamma irradiation on diploid (S. verrucosum,Ver54) with respect to the number of micro-tubers produced, micro-tuber size and weight after six weeks incubation. DF = Degree of Freedom; *denote significant differences at 5% probability level; ns = not significant. Gy (Table 3) while the same small, medium and big micro-tubers were induced in each dose ( Figure 1 and Figure 2 ). The position of micro-tubers on the stolon was mainly at the base for both potato types. However, there was a significant increase in the number of micro-tubers in top positions at 6 and 9 Gy treatments. Gamma irradiation effects were more noticeable in in vitro cutting tuberization in terms of number of micro-tubers produced ( Figure 1 and Figure 2 ).
Radio-sensitivity was measured in terms of micro-tuber production following the irradiation of in vitro cuttings at 0, 3, 6, 9, 12, 15 and 20 Gy using a 1.8 Gy/min radio-active gamma cell. The estimated lethality dose which reduces micro-tuber production by 30% and 50% (LD 30 and LD 50 ) from the irradiated cuttings was determined from the tuberization rate. The data show that diploid S. verrucosum Ver54 (9.4 and 12.8 Gy) was more susceptible to gamma irradiation than the tetraploid S. tuberosum cv. Desirée (13.6 and 16 Gy) ( Table 3 ) using which 1.8 Gy/min dose rate gamma cell.
The effects of gamma irradiation on micro-tubers size and weight were assessed as the growth reduction at 30% and 50% (GR 30 and GR 50 ) for optimal mutation induction.
Similar trend of susceptibility to gamma irradiation was observed with both genotypes indicating the relative resistance of tetraploid genotype (Desirée) compared to the diploid genotype (Ver54). However, the micro-tuber size and weight were relatively radio resistance to gamma irradiation (Table 3 , Figure 3 and Figure 4 ). However, no significant difference was observed between lethality dose of tuberization rate and growth reduction from micro-tuber size and weight for genotype. The estimated optimum dosage for mutation induction at GR 50 using micro-tuber size of 13 Gy and 16 Gy and weight of 12 Gy and 15 Gy respectively for the diploid genotype (Ver54) and tetraploid genotype cv. Desirée when using a low radio-active gamma cell (1.8 Gy/min). An optimal dose for bulk production of M 1 V 2 micro-tubers was estimated to be at/around the LD 30 , which is 10 Gy for S. verrucosum genotype Ver54 and 12 Gy S. tuberosum cv.
Desirée, respectively using an irradiator with an activity of 1.8 Gy/min. In addition, the effects of gamma irradiation with higher dose rate were also assessed for micro-tuber morphotypes (position, size and weight).
In our optimal culture condition described above, over 86% of nodal cuttings produced micro-tubers and one micro-tuber per cutting (Table 3) . Therefore, micro-tuber population size is mainly determined by the effects gamma irradiation dose applied.
The optimum dose (LD 30 ) of 10 and 12 Gy for mutation induction respectively for diploid and tetraploid potato genotype will cause reduction of 30% in number of cuttings exposed to gamma irradiation which correspond to number micro-tuber produced at that dose. Thus to produce about 1000 M 1 V 2 micro-tubers using 1.8 Gy/min gamma cell about 1400 -1600 M 1 V 1 cuttings will be needed.
Bulk Mutagenesis with Optimal Mutation Induction
Different gamma sources were used to determine optimal irradiation treatments of cuttings for both ploidy types. In total 8433 nodal cuttings were plated for the production of 4842 M 1 V 2 micro-tubers for a range of treatment studies, see Table 4 for more de- *Tuberization rate (number of micro-tubers produced), data followed by the same small letter denotes no significant difference among dose rates of the genotype and the same capital letter indicates no significant difference among ploidy types at a specific dose rate.
tails. The differences observed between two genotypes are statistically significant both between and within dose rates except when using a low irradiation emitter (1.8
Gy/min) in which both genotypes exhibited similar induction rate (p > 0.05) ( Table 4) .
While low radio-activity sources (1.8 Gy/min and 7.07 Gy/min) produced micro-tuber induction rates of about 60% for both ploidy types, the gamma cell with a radio-activity of 7.07 Gy/min exhibited over 72% tuberization rate for the tetraploid cv. Desirée.
Treatments using the highly radio-active source (139 Gy/min) diminished the tuberization response of both species; the effects were more lethal with respect to micro-tubers production, since only about 47% and 38% micro-tuber production rates were recorded for Ver54 and Desirée, respectively. The highly radio-active gamma cell (139 Gy/min) produced less micro-tubers than the low activity cells (1.8 and 7.07 Gy/min) at the same delivered dose.
The effects of the three gamma cells (with varying radio-activities) were also assessed by the quality (morphotypes) of micro-tubers produced and their location on the stolon (basal, middle and top of stolon). Likelihood ratio testing revealed a significant difference at the dose rates and between genotypes, and their interaction by nominal logistic analysis fit for position to test probability of micro-tuber occurring at basal, middle and top position on the stolon. Micro-tuber size and weight showed significant difference for proportional hazards fit analysis to reveal the probability of micro-tuber with similar size or weight as proportion (Table 5) . Gamma irradiation affected micro-tuber initiation position on the cuttings, but which was mainly basal in both ploidy types. Addi- tional micro-tubers were produced at middle and top positions of the stolon ( Figure 5 and Figure 6 ). The diploid genotype Ver54 showed a significant increase of micro-tubers at the middle position with the highest increased rate of about 15% for 10 Gy using the low activity gamma source (1.8 Gy/min, Figure 5 ). The tetraploid cv. Desirée showed induction of micro-tubers at the top of stolon. The highest increased rate of top positioned micro-tubers was recorded for a delivered dose of 12 Gy using the low activity gamma source (1.8 Gy/min) with a 40% tuberization rate ( Figure 6 ).
Micro-tubers produced in control, untreated cuttings were characterised as mainly belonging to size classes 1 and 2, and 1 to 3 for S. verrucosum and S. tuberosum, respectively. Gamma strength irradiation effects were observed for each of the three emitters by an increase in tuberization producing size class 2 (4 -6 mm) micro-tubers for each ploidy type ( Figure 5 and Figure 6 ). S. verrucosum subjected to a relatively long treatment from the low rate emitter (1.8 Gy/min) exhibited the highest increase in tuberization rate of 15% for class 2 ( Figure 5 ). Desirée recorded a similar increased tuberization rate of 4 -6 mm micro-tubers of about 23% for each gamma irradiation dose rate ( Figure 6 ). In addition, treatment of 12 Gy from the low emitter (1.8 Gy/min)
showed an increased tuberization rate of about 10% for class 1 (2 -4 mm). Desirée exhibited a decrease in tuberization rate for micro-tuber class 3 (6 -8 mm), with low values recorded by both 1.8 and 139 Gy/min gamma emitters ( Figure 6 ).
A wide weight range of micro-tuber morphotypes (size and weight) was produced by each potato ploidy type in untreated, control conditions ( Figure 5 and Figure 6 ). With gamma ray treatment the S. verrucosum genotype (Ver54, diploid) produced a high percentage of micro-tubers of about 48 and 39%, respectively for 0 -50 mg (class 1) and 51 -100 mg (class 2) while no micro-tubers were observed for weight classes above 100 mg (classes 3 -7) ( Figure 5 ). The S. tuberosum (cv. Desirée, tetraploid) produced the highest micro-tuber production rate for class 2 micro-tubers ( Figure 6 ). Thus the 12
Gy treatment from the highest gamma emitter (139 Gy/min) induced the highest increase of small micro-tubers in both ploidy types. However, the effects were more pronounced for the S. verrucosum genotype (Ver54, diploid) with a tuberization rate about 65% for the weight class 1. High dose treatments (1.8 Gy/min Gy and above) were more severe for the diploid S. verrucosum ( Figure 5 ). However, all class weight ranges were 
Discussion
The two potato ploidy types responded differently to gamma irradiation doses gamma rays from emitters varying in radio-activity. As expected the diploid genotype showed greater sensitivity than the tetraploid [26] . Higher gamma treatments (>15 Gy) were more inhibitory for S. verrucosum than for S. tuberosum. The estimated lethality dose at 50% of diploid Ver54 (12.8 Gy) was lower than 16.0 Gy for S. tuberosum cv. Desirée (tetraploid) with a gamma irradiation rate of 1.8 Gy/min (7 min 7 s and 8 min 53 s respectively) ( Table 3 , Figure 3 and Figure 4 ). Higher and more intense gamma irradiation can cause chromosomal damage in plants and therefore has significant effects on plant development including in vitro regeneration and tuberization [27] [28]. The effects of increasing gamma irradiation dose on potato tuberization are an initial delay and cessation of micro-tuber induction by cuttings. These results along with stimulation at low dose treatments were also reported previously [7] . The variation observed between the two ploidy types with respect to tuberization after gamma irradiation at optimal doses for mutagenesis is similar as those reported earlier [26] [29] . That relative susceptibility of the diploid potato genotype (Ver54) in comparison to the tetraploid cv. (Desirée) confirms the relative increased resistance to irradiation by higher ploidy levels: polyploidy creates a genetic buffering effect, discussed by Kodym et al. [30] .
In vitro culture of vegetatively propagated crops in combination with radiation induced mutations has proven to be a valuable tool to broaden genetic variability [9] [27]
[31] [32] . Ahloowalia and Maluszynski [33] indicated that ionizing radiation is a very important method to generate genetic variability that does not exist in nature nor is available to the breeder. Furthermore, previous studies showed that an advantage of physical mutagens is to induce a few mutations without disrupting the genetic background, particularly of elite breeding lines [34] . Therefore, the development of an optimal dosage for mutation induction is critical; here dose treatments of 10 and 12 Gy for tuberization rate about 70% were determined for diploid Ver54 and tetraploid cv. Desirée, respectively 1.8 Gy/min gamma cell. The growth reduction estimated based on micro-tuber size and weight for optimum dose for mutation induction will cause reduction of tuberization, while wide range of size and weight were observed in each dose. However, Kawakami and Iwama [35] reported no significant difference on yield with respect to micro-tuber size. The selected optimal dose for mutation induction for each genotype produced similar trends of tuberization rate per gamma dose treatment and genotype. However, the results indicate the importance of the gamma irradiation dose and irradiator activity on the micro-tuber induction. Similar findings were reported by many researchers on the effects of high gamma irradiation dose rate on other plant species/materials. A low and A B more gentle treatment is often required for sensitive target tissues (especially those with a high water content such as potato in vitro cuttings) and a low activity emitter may be preferred as treatment times (minutes rather than seconds) are easier to handle. However, in other studies chronic irradiation (low emission) was found to be yield the widest flower colour spectrum in in vitro culture of mutated chrysanthemum in comparison to acute irradiation (high dose rate) [36] . The high energy causes more damage to the irradiated tissue whereas a low dose may induce an adaptation to gamma irradiation, however, they can produce similar mutation rates [37] - [39] . Low activity gamma sources are recommended for vegetatively propagated plants because these sources allow the application of low doses to plant propagules with a high water content; more water can produce more free radicals or oxidative molecules and hence more irradiation damage [40] . Gamma cells with low dose rate (1, 8 and 7 .07 Gy/min) resulted in tuberization rate around expected induction rate (70%) are recommended for potato mutation breeding through in vitro cutting tuberization.
Regardless of ploidy, both potato types were affected by gamma irradiation treatments. Different effects were observed in micro-tuber production with respect to position, size and weight ( Figure 5 and Figure 6 ). Thus the results of micro-tuber position from basal to middle or top showed that the potato cuttings may have dissipated the effects of gamma irradiation on tuberization by shoot initiation with later induction of micro-tubers either at middle or top position. Gamma irradiation induces more small sized micro-tubers (less than 6 mm) compared to untreated cuttings. Similar results were reported by Nistor et al. [41] . The weight of micro-tuber shows a polyploidy influence and also the relative resistance to gamma irradiation of S. tuberosum cv. Desirée (tetraploid) with regard to micro-tuber weight in comparison to the S. verrucosum genotype (Ver54, diploid). Gamma irradiation induced a micro-tuber weight class below 100 mg in the diploid genotype and this was maintained in all weight categories with a similar frequency as the untreated cuttings. These results demonstrate the interaction between ploidy and radio-sensitivity. Nevertheless, micro-tuber size has been reported to have no significant associations with growing period, number of tubers, and tuber fresh and dry yield [35] . That allows the recovery of all mutations from the different class size of micro-tuber produced by gamma irradiation independently of the ploidy level.
Mutant micro-tuber populations are convenient for end users. In this work the populations studied were M 1 V 2 and hence some chimera dissolution has occurred. Although chimera dissolution was not measured, a recent report in banana suggests that these can be dissolved after one or two rounds of subculture [32] . The micro-tuber mutant populations produced may be subject to screens in detecting desired mutants for traits and genes. The micro-tuber mutant populations are being screened for potato Cyst nematodes and Blight resistance.
Conclusion
In vitro cuttings provide a convenient target for mutation induction and subsequent micro-tuber production provides convenient mutant populations for subsequent muta-
